Saccharomyces cerevisiae (dry baker's yeast) and Pseudomonasfluorescens were used to convert trans-ferulic acid into 4-hydroxy-3-methoxystyrene in 96 and 89% yields, respectively. The metabolites were isolated by solid-phase extraction and analyzed by thin-layer chromatography and high-performance liquid chromatography. The identities of the metabolites were determined by 'H-and "3C-nuclear magnetic resonance spectroscopy and by mass spectrometry. The mechanism of the decarboxylation of ferulic acid was investigated by measuring the degree and position of deuterium incorporated into the styrene derivative from D20 by mass spectrometry and by both proton and deuterium nuclear magnetic resonance spectroscopies. Resting cells of baker's yeast reduced ferulic acid to 4-hydroxy-3-methoxyphenylpropionic acid in 54% yield when incubations were under an argon atmosphere.
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Ferulic acid (compound 1 [see Fig. 1 ]) is one of the major phenolic lignin monomers found in woods, grasses, and corn hulls (8, 10, 16, 17) . As an abundantly available, oxygenated aromatic compound, ferulic acid accounts for about 2% of the weight of corn hulls obtained after wet milling (4) . The nearly 8 billion bushels of corn harvested in the United States in 1990 could provide nearly 1 billion pounds of ferulic acid as a renewable aromatic feedstock for conversion into other compounds. We are exploiting microbial and enzymatic transformations of such renewable natural materials as a means of generating value-added products (22) .
Microbial transformations of ferulic acid by bacteria and fungi conducted so far have focused largely on the identification of metabolic pathways and routes of degradation (1-3, 7, 11-13, 15, 27) . Ferulic acid is sequentially degraded to vanillin, vanillic acid, and protocatechuic acid by bacteria (28, 29) and fungi (15, 16) . Vanillic acid is also transformed to guaiacol and catechol (23, 26) . Several reports have described the decarboxylation of ferulic acid to 4-hydroxy-3-methoxystyrene (compound 3) (5, 20, 23, 26) . The overall yields reported for most metabolites were low (26) as measured by thin-layer chromatography (TLC) (10) and highperformance liquid chromatography (HPLC) (23) (24) (25) 30) during ferulic acid biotransformation.
In this work, we report the results of microbial-transformation screening and preparative-scale experiments concerned with the efficient and high-yielding conversion of ferulic acid (compound 1) to 4-hydroxy-3-methoxystyrene (compound 3) by resting cells of active dry baker's yeast and Pseudomonas fluorescens (Fig. 1) . The incorporation of deuterium into compound 3a from D20 during ferulic acid decarboxylation was used to demonstrate a newly proposed mechanism for the decarboxylation of compound 1. S. cerevisiae (active dry baker's yeast; Red Star; Universal Foods) and P. fluorescens (UI-670) were chosen for further experiments in biotransformation of compound 1 because of their excellent yields and fast conversion rates.
MATERIALS AND METHODS
Screening procedure and culture conditions. A two-stage fermentation procedure (6) was used for the screening of microorganisms for their abilities to transform ferulic acid. Stage I cultures were grown in 25 ml of sterile soybean meal-glucose medium held in stainless steel-capped, 125-ml DeLong culture flasks. The medium contained 2% (wt/vol) glucose, 0.5% yeast extract, 0.5% soybean meal, 0.5% NaCl, and 0.5% K2HPO4 in distilled water (Fig. 2) and S. cerevisiae (Fig. 3) .
Under argon and in air, P. fluorescens rapidly consumed ferulic acid and gave essentially quantitative yields of compound 3 within 12 h (Fig. 2) . After this period of time, there was a gradual decrease in the amount of compound 3, but no new products were observed. Under standard aerobic conditions, baker's yeast gave quantitative yields of compound 3 in 48 h (Fig. 3A) . As the fermentations progressed, the levels of compound 3 decreased, but no new products accumulated. Under an argon atmosphere, baker's yeast converted ferulic acid into two compounds, compounds 3 and 4, in essentially equivalent amounts (Fig. 3B) . The unexpected new compound 4 exhibited an HPLC RV of 9.6 ml. The new metabolite compound 4, along with compound 3, was isolated by solid-phase extraction from a 10-day-old, 25-ml incubation mixture which was adjusted to pH 9.0 with 6 N NaOH and extracted with ethyl acetate to remove compound 3. After acidification to pH 2 with 6 N HCl, a total of 14 mg of compound 4 (54% yield) The rates of conversion decreased in proportion to the amounts of D20 in the incubation medium. Reactions in 100% D20-containing buffers were about 10% slower than in H20-buffer controls. When more than 95% of compound 1 was transformed to compound 3a, each 25-ml incubation mixture containing 25 mg of ferulic acid was extracted as usual with a Chem Elut column to afford between 12 and 14 mg of compound 3a.
The purities of compound 3a from D20-containing buffer incubations of P. fluorescens were estimated to be 99.6 to 100% by HPLC (RV, 26.4 ml) and GC (Re, 6.8 min) before they were subjected to MS and 'H-and 2H-NMR to measure the degrees and positions of deuterium incorporation. The results of MS and 2H-NMR analyses of all deuteriumcontaining samples of compound 3a are shown in Table 2 , in which they are compared with values for unlabeled compound 3.
The 1H-NMR spectra for all deuterium-labeled samples obtained from P. fluorescens were recorded under the conditions used for unlabeled compound 3. Portions of the aromatic and olefinic regions of the NMR spectra of deuterium-labeled samples ranging from 5.0 to 7.0 ppm are recorded in Fig. 4 , in which spectral properties of unlabeled compound 3 (Fig. 4A ) are compared with deuterium-compound 3a obtained from incubation mixtures containing 50% D20 (Fig. 4B ), 75% D20 (Fig. 4C) , and 100% D20 (Fig. 4D) . Results similar to those given in Table 2 and Fig. 4 were obtained from D20 incorporation experiments conducted with baker's yeast.
DISCUSSION
Screening experiments indicated that the conversion of compound 1 to compound 3 was a common and relatively high-yielding biotransformation reaction in both prokaryotic and eukaryotic organisms. Prior to this work, previous investigations concerned with the degradation of ferulic acid had revealed that compound 1 was metabolized through compound 3 by Aspergillus spp., Bacillus spp., Candida spp., Cotynespora spp., Curvulania spp., Hansenula spp. (5), Fusarium spp. (5, 20) , Paecilomyces spp., Pestalotia spp. (23) , Saccharomyces spp. (5, 18) , and Pseudomonas spp. (3, 26) . Our results have broadened the range of genera which catalyze this bioconversion reaction to include the genera Mucor, Mycobacterium, Nocardia, Penicillium, Rhizopus, Rhodotorula, and Streptomyces. Since reactions appeared to be best with P. fluorescens (UI-670) and active dry baker's yeast, S. cerevisiae, further studies concerned with the production, isolation and identification, and mechanism of the biotransformation reaction were conducted with these organisms. For preparative-scale work, solidphase extractions with preparative Chem Elut columns enhanced extraction efficiency and allowed the isolation of 98% pure compound 3 from incubation mixtures in one step, and compound 3 was completely identified by spectral analysis.
P. fluorescens gave excellent yields of compound 3 under standard aerobic incubation conditions and when it was incubated under an argon atmosphere. However, under argon, baker's yeast unexpectedly afforded essentially equivalent amounts of compound 3 plus another metabolite. We initially thought that the new metabolite was vanillin, because it exhibited the same retention volume (Rv, 9.6 ml) by HPLC, and vanillin was previously reported to be a ferulic acid metabolite (15, 17, 29) . Because the new metab- olite was acidic in behavior, it was also compared by HPLC with the following other possible ferulic acid metabolites: vanillic acid (Ru, 7.9 ml), 3,4-dihydroxycinnamic acid (Rv, 7.5 ml), 3,4-dihydroxybenzoic acid (Rv, 4.7 ml), and 4-hydroxy-3-methoxyphenylpropionic acid (compound 4), (Rv, 9.6 ml). The low-resolution MS displayed a molecular ion at m/z 196, indicating the addition of two mass units (hydrogen atoms) to compound 1. 'H-NMR and "C-NMR spectra exhibited no olefinic signals, indicating that the double bond of ferulic acid had been reduced. New (compound 4) . The reduction of the ferulic acid side chain has been observed with bacteria isolated from bovine rumen (21) and sewage sludge (19) and for the white rot fungus Phaerochaete chrysosporium (9) . With baker's yeast, it is apparent that under aerobic conditions, the olefinic reduction reaction was unfavorable.
Resting cells of P. fluorescens (UI-670) converted compound 1 to compound 3 both under standard aerobic incubation conditions ( Fig. 2A) and when the organism was incubated under argon (Fig. 2B) , suggesting that the decarboxylation reaction occurs via a nonoxidative process. Manitto et al. (18) used deuterium-labeled ferulic acid (compound la) in the only experiment conducted to probe the decarboxylation mechanism. While the deuterium label from compound la was retained in compound 3b, the experiment provided little mechanistic information.
A nonoxidative mechanism for the decarboxylation of compound 1 to compound 3 can be envisioned to involve initial enzymatic isomerization of compound 1 to the quinoid intermediate, compound 2 (Fig. 1) . Vinylogous ,B-keto acids like compound 2 are highly labile, subject to spontaneous decarboxylation, and therefore unisolable. Isomerization of compound 1 to compound 2 would involve the addition of a proton (deuterium) from water (deuterium oxide) in the incubation medium. Evidence for the existence of compound 2 would be obtained by isolating the deuterium-containing styrene derivative compound 3a.
Conversions of compound 1 to compound 3 or 3a were
conducted by both baker's yeast and P. fluorescens in medium containing 0, 50, 75, or 100% D20. The vinyl styrene derivatives were isolated from each incubation mixture and subjected to analysis by deuterium NMR and MS to measure the degree and position of deuterium incorporation into compound 3a ( Table 2) . Incorporation of deuterium into all samples of compound 3a was supported by the presence of a peak for Hb at 5.13 ppm in their 2H-NMR spectra. The relative intensities of the 5.13-ppm peaks (Table 2) were proportional to the amounts of D20 contained in the incubation media. The absence of deuterium peaks other than that at 5.13 ppm indicated that deuterium incorporation was stereospecific. Mass spectra for compound 3a revealed molecular ions at mlz 151, or one mass unit higher than that for compound 3. These results indicated that compound 3a contained a single deuterium atom. The relative intensities of ions at m/z 151 increased in proportion to the amounts of D20 used in incubations.
Proton NMR spectrum analyses also demonstrated the degree and the position of deuterium incorporation in compound 3 (Fig. 4) . Signals for the olefinic and aromatic (6.8-to 7.0-ppm) regions of unlabeled compound 3 are shown in Fig.  4A . For compound 3a isolated from buffer containing 100% D20 (Fig. 4D) , peak Hb at 5.13 ppm was greatly diminished, the signal for Hx at 6.56 ppm was simplified as a doublet, and the signal for Ha remained a doublet with a slightly changed chemical shift. For metabolites isolated from buffers containing 50 and 75% D20, splitting patterns and signal integrations indicated mixtures of compounds 3 and 3a ( Fig. 4B  and C) . These results all support the structure of compound 3a in which the proton at Hb was stereospecifically replaced by a deuterium atom during the decarboxylation reaction. NMR and MS results obtained for the decarboxylation of compound 1 by baker's yeast were identical to those shown in Table 2 and Fig. 4 , thus supporting a similar mechanism in S. cerevisiae. This work presents new evidence which supports the description of a novel microbial mechanism for the decarboxylation of naturally occurring 4-hydroxycinnamic acid derivatives. The nature of the enzymes of these organisms which catalyze this reaction is under investigation.
